We report signif icant performance improvement of a mode-locked f iber laser gyroscope. A Fabry -Perot cavity GaAlAs laser diode whose front facet was antiref lection coated was used as a gain medium. The rms noise equivalent rotation rate measured with a time-interval counter was improved to 0.06 deg͞ p h. The long-term drift of the gyroscope signal was reduced to 100 deg͞h after a polarizer was inserted into the laser cavity formed with a polarization-maintaining f iber. © 1997 Optical Society of America
We report an order-of-magnitude improved sensitivity and an improved long-term stability for a mode-locked fiber laser gyroscope (MLFLG). 1 The improvement in the sensitivity was achieved by use of an antiref lection-coated GaAlAs laser diode (LD) instead of an InGaAs distributed-feedback semiconductor laser amplifier and a silicon avalanche photodiode in place of self-detection by the source. The long-term drift was reduced by use of a polarization-maintaining fiber and insertion of a polarizer in the laser cavity.
A MLFLG consists of a gain medium, a planar mirror, and a Sagnac loop interferometer, which serves as the second mirror in the cavity and as a rotationsensing element. The optical output of the MLFLG is a series of mode-locked pulses (two pulses per cavity round-trip time), where the time intervals between successive pulses vary as a function of a rotation-rate input. The MLFLG converts a Sagnac phase shift into a timing shift of mode-locked pulses in a way similar to that in which a ring laser gyroscope converts it into an optical frequency shift. Note that the MLFLG does not suffer from the problem of a lock-in effect 2 because the consecutive pulses have the same frequency, independently of the rotation-rate input. In addition to simpler signal processing, the new fiber-optic gyroscope provides the automatic polarization reciprocity necessary for bias drift-free operation. we significantly improved the performance of the MLFLG by replacing the rare-earth-doped fiber amplifier 4 with a distributed-feedback semiconductor laser amplifier that had a short gain recovery time. The successful suppression of gain competition between optical pulses resulted in a sensitivity of 0.4 deg͞ p h. Here we report further signif icant improvements in the performance of the MLFLG. Figure 1 shows the experimental configuration of the MLFLG. As a gain medium we used a commercially available high-power GaAlAs LD whose front facet interfacing an external fiber circuit had an antiref lection coating with 4% ref lectivity When a thin-film polarizer was glued onto the end of the angled fiber the threshold current of the composite laser increased to 21 mA because of excess cavity loss. The transmission axis of the polarizer was aligned to a birefringence axis of the fiber within a few degrees. The polarizer was used to suppress the feedback of light containing an error signal that was due to polarization cross coupling in the Sagnac loop. 6 A cylindrical piezoelectric transducer placed at one end of the Sagnac loop functioned as a mode locker that provided ref lectivity modulation. The modulation has the same functional form as the output from a conventional interferometic fiber-optic gyroscope. The modulation amplitude was 3.0 rad. The frequency of the phase modulation was 644 kHz, slightly lower than the longitudinal mode spacing of the composite laser. At the modulation frequency of 647.4 kHz tuned to the longitudinal mode spacing, the pulses were noisy in shape and amplitude, an effect whose origin is not now well understood. We suspect that this instability comes from the nonzero ref lection at the front facet of the LD. At modulation frequencies a few kilohertz away from the longitudinal mode spacing, stable pulses were obtained with pulse widths of . 100 ns. The injection current for the LD was maintained between 22 and 23 mA during the modelocking operation because very narrow notches (,15 ns in width) appeared in the optical pulses beyond the current level. This peculiar dynamic behavior needs to be understood fully for further improvement of the MLFLG.
The optical output of the MLFLG was detected with a silicon avalanche photodiode from a tapping coupler whose coupling ratio could be adjusted to maximize the output. In an ideal situation we expect the outputs from the two ports of the tapping coupler to have the same rotation-rate information. Within our measurement accuracy we could not find much difference in the time-interval measurements between them. The signal coming from the LD [ Fig. 2(a) ] out of port 2 was greater but contained more spontaneous emission than that returning from the Sagnac loop [ Fig. 2(b) ] out of port 1. We determined this from the fact that the spontaneous emission gets modulated after it passes through the phase-modulated Sagnac interferometer, which leads to reduced spontaneous emission between the pulses. The following data were taken from port 1. Figure 3 shows the output pulse trains of the MLFLG with [ Fig. 3(a) ] zero and [ Fig. 3(b) ] 55-deg͞s rotation input. The peak power reaching the detector was ϳ40 mW, and the pulse width was ϳ180 n. The repetition rate of these mode-locked pulses was twice the frequency of the modulation signal shown in the upper traces. When the sensing loop was at rest the time interval between any two consecutive pulses was 776.4 ns, which is half of the phase-modulation period. From the measurement of the rf spectral content we concluded that the amplitude difference between two consecutive pulses was ,0.1%. We also noted that the signal-to-noise ratio was 20 dB greater than for the previous result. 1 This improvement led to the reduction of the rotation-rate equivalent noise by an order of magnitude, assuming the same scale factor. Figure 3(b) clearly shows the stability of the pulses under rotation.
The time intervals between two consecutive pulses were measured with a modulation domain analyzer (HP53301A) with a 200-ps single-shot resolution. The Sagnac phase shift is determined from the formula for the pulse interval change, DT ͑T m ͞p͒sin 21 ͑f R ͞f m ͒, where T m is the phase-modulation period, f R is the Sagnac phase shift, and f m is the amplitude of the phase-difference modulation. For f m 3.0 rad the scale factor of the gyroscope at a low rotation rate was ϳ0.47 ps͑͞deg͞h͒. The stability of the scale factor depends critically on that of the phase-modulation amplitude f m . Therefore the piezoelectric transducer phase modulator must be stabilized to a high degree for high-performance operation. Figure 4 shows the noise and the bias drift in the typical output of the gyroscope at rest. In these experiments we did not control the temperature of the LD, and the gyroscope was covered with an acrylic box. In Fig. 4(a) each data point is the average value of 10 6 continuous time-interval measurements, corresponding to an integration time of 1.55 s. The standard deviation ͑1s͒ was 1.4 ps, which corresponds to a phase noise of 11 mrad͞ p Hz and an equivalent random walk of 0.06 deg͞ p h. This is an order-of-magnitude reduction from the previously reported result 1 of ϳ66 mrad͞ p Hz. Figure 4(b) shows a bias drift behavior with 15.5 s integration time, where the bias offset is a few tens of degrees per hour and the peak-to-peak drift is ϳ100 deg͞h. When the polarizer was removed the drift figure increased to ϳ800 deg͞h, corresponding to 2.3 mrad of phase error. The experimental results seem to indicate that the bias drift is related to the polarization state of light in the laser, which cannot be understood from the simple model in Ref. 2 because it predicts complete automatic reciprocity. The origin of this discrepancy is under investigation. We expect that the environmental perturbations such as temperature transients in the sensing coil will also affect the bias drift performance, as for conventional interferometic gyroscopes. The maximum rotation-rate input was limited by the appearance of additional small pulses between the original ones and was ϳ240 deg͞s, corresponding to 2.3 rad of Sagnac phase shift. Occasionally some spikes appeared in the trace that seemed to be due to the instability of the composite laser. The frequency domain measurement revealed that the pulse intervals were f luctuating at ϳ25 kHz when the spiking occurred.
To see the response of the gyroscope to dynamic rotation input, we applied a sinusoidal signal to an additional piezoelectric transducer placed at the other end of the Sagnac loop. It stimulated a fast change in rotation rate that might affect the mode-locking operation. When the phase-difference modulation was set at 12.88 kHz, in frequency with the amplitude of ϳ34 mrad, the measured pulse interval varied as shown in Fig. 5 . It is clear that the MLFLG provides accurate rotation-rate measurements, even for highfrequency dynamic rate inputs.
In conclusion, we have significantly improved the sensitivity and the bias stability of the MLFLG by using a commercial LD for the gain medium, a polarizer, and a polarization-maintaining fiber in the cavity. The rms noise equivalent random walk was 0.06 deg͞ p h ͑11 mrad͞ p Hz͒, and the long-term stability was better than 100 deg͞h ͑290 mrad͒.
